Water vapour (H 2 O) is one of the operationally retrieved key species of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument aboard the Environmental Satellite (ENVISAT) which was launched into its sun-synchronous orbit on 1 March 2002 and operated until April 2012. Within the MIPAS validation activities, independent observations from balloons, aircraft, satellites, and ground-based stations have been compared to European Space Agency (ESA) version 4.61 operational H 2 O data comprising the time period from July 2002 until March 2004 where MIPAS measured with full spectral resolution. No significant bias in the MIPAS H 2 O data is seen in the lower stratosphere (above the hygropause) between about 15 and 30 km. Differences of H 2 O quantities observed by
upper troposphere, a region where retrievals of H 2 O are most challenging. Altogether it can be concluded that MIPAS H 2 O profiles yield valuable information on the vertical distribution of H 2 O in the stratosphere with an overall accuracy of about 10 to 30 % and a precision of typically 5 to 15 %well within the predicted error budget, showing that these global and continuous data are very valuable for scientific studies. However, in the region around the tropopause retrieved MIPAS H 2 O profiles are less reliable, suffering from a number of obstacles such as retrieval boundary and cloud effects, sharp vertical discontinuities, and frequent horizontal gradients in both temperature and H 2 O volume mixing ratio (VMR) . Some profiles are characterized by retrieval instabilities.
Introduction
Water vapour (H 2 O) is a highly variable atmospheric constituent. It plays a dominant role in the transfer of energy in the atmosphere. While it is a strong greenhouse gas in the troposphere, its emission in the infrared spectral region contributes to a cooling in the stratosphere. Hence, the H 2 O amount in the upper troposphere and lowermost stratosphere (UT/LS) has a considerable effect on the outgoing long-wave radiation which regulates the global radiation budget of the atmosphere (see, e.g. Forster and Shine, 1999; Solomon et al. 2010) .
Water vapour is produced in the troposphere mainly by evaporation processes over water and land surfaces leading to maximum concentrations near the Earth's surface which decrease strongly with altitude. H 2 O enters the stratosphere primarily in the tropics through the tropical transition layer (TTL) (see, e.g. Brasseur and Solomon, 2005) . However, the actual pathways of water transport from the UT into the lower stratosphere are still under debate (see, e.g. Fueglistaler et al., 2009 ). In the stratosphere, mixing ratios are increasing with altitude due to methane oxidation. The competing H 2 O loss reaction with the electronically excited oxygen atom (producing the OH radical) becomes only important in the upper stratosphere and lower mesosphere and yields, along with shortwave photodissociation reactions, to declining H 2 O values in the mesosphere and thermosphere. Recent research has focused on a positive global trend in stratospheric H 2 O mixing ratios over the 1980s and 1990s (e.g. Michelsen et al., 2000; Oltmans et al., 2000; Rosenlof et al., 2001; Nedoluha et al., 2003) whereas a substantial and unexpected decrease in stratospheric water was documented after the year 2000 (Randel et al., 2006; Scherer et al., 2008; Fueglistaler, 2012) . Understanding trends in H 2 O in the radiatively sensitive UT/LS along with the underlying processes is crucial for understanding and predicting rates of global warming (Solomon et al., 2010) .
Satellite measurements are essential for monitoring the distribution and trend of H 2 O on a global scale. One of the first spaceborne instruments able to measure stratospheric H 2 O was the Limb Infrared Monitor of the Stratosphere (LIMS) (Fischer et al., 1981; Russell III et al., 1984) , a limbemission filter radiometer which was deployed aboard the Nimbus-7 satellite launched in October 1978. In the 1980s and 1990s the Atmospheric Trace Molecule Spectroscopy instrument (ATMOS) as the first limb occultation Fourier transform infrared (FTIR) spectrometer provided H 2 O profiles from the upper troposphere to the lower mesosphere during four short missions of the Space Shuttle between 1985 and 1994 (Abbas et al., 1996a, b) . The second Stratospheric Aerosol and Gas Experiment (SAGE II) was launched into its orbit in October 1984 and provided a 21 yr record of global trace gas measurements of the sunlit upper troposphere and stratosphere using solar occultation in the visible and near-infrared spectral region (Chiou et al., 1997) . Further H 2 O measurements were obtained in the visible spectral range by the Halogen Occultation Experiment (HALOE) aboard the Upper Atmosphere Research Satellite (UARS) between 1991 and 2005 Nedoluha et al., 2003) . Other instruments on UARS detecting H 2 O have been the Improved Stratospheric and Mesospheric Sounder (ISAMS) (Goss-Custard et al., 1996) and the Microwave Limb Sounder (MLS) (Pumphrey et al., 2000) . The Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) experiment performed limb emission H 2 O measurements with high spatial resolution during two missions of the Space Shuttle in 1994 and 1997 .
More recently, solar occultation satellite instruments observing H 2 O in the stratosphere were the Polar Ozone and Aerosol Measurement (POAM) III instrument (Nedoluha et al., 2003; Lumpe et al., 2006) and the Improved Limb Atmospheric Sounder (ILAS/ILAS-II) (Kanzawa et al., 2003; Griesfeller et al., 2008) .
Spaceborne instruments which are still in operation and which measure vertical profiles of H 2 O are the Sub-Millimeter Radiometer (SMR) aboard the Odin satellite , launched in February 2001; the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on the SCISAT-1 satellite (Nassar et al., 2007; Carleer et al., 2008) , launched in August 2003; a second-generation MLS on the Aura satellite Santee et al., 2005) with data from begin of mission in August 2004.
The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS; Fischer et al., 2008) is one of the three chemistry instruments onboard ENVISAT, besides the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY; Bovensmann et al., 1999) and the Global Ozone Monitoring by Occultation of Stars (GOMOS) instrument (Bertaux et al., 1991) . It measures a wide range of tracers, chemically active species and climate relevant constituents including H 2 O.
The complexity and lifetime of such space instruments along with the importance of H 2 O demand large efforts in validation. Balloon-borne observations are very useful for validation, being capable of measuring accurately a large number of molecules with a large vertical coverage at superior vertical resolution. Since the number of balloon flights is limited special care has to be taken concerning the quality of the coincidence. This holds also for aircraft measurements (e.g. Falcon and Learjet) which may cover larger horizontal regions compared to balloons but from distinctly lower flight altitudes. Ground-based measurements can be carried out more or less continuously, but the information on the vertical distribution of H 2 O is mostly limited to the troposphere and lower stratosphere. The use of independent satellite measurements for validation purposes has the great advantage that nearly global coverage in combination with a large statistics for all seasons is available. This paper outlines the results of the MIPAS H 2 O validation activities for the operational H 2 O products of version 4.61 provided by the European Space Agency (ESA). It belongs to a series of validation studies of MIPAS operational products which were performed in a consistent manner: temperature (Ridolfi et al., 2007) , O 3 (Cortesi et al., 2007) , HNO 3 , CH 4 , N 2 O (Payan et al., 2009) , and NO 2 . In accordance with these validation studies, the H 2 O assessment is restricted to the time period from July 2002 until March 2004 where MIPAS was operated at full spectral resolution. H 2 O profile comparisons between version 4.61 and the newly processed ML2PP V6 data (Raspollini et al., 2013) have shown that differences in retrieved H 2 O volume mixing ratios are less than 5 % in the stratosphere except in the Antarctic winter where differences can be around 10 % or larger.
In the following section, an overview of the MIPAS data analysis is given. Section 3 describes the intercomparison method and the comparison to different validation instruments and another retrieval processor. Section 4 gives concluding remarks for MIPAS H 2 O data users.
MIPAS operations and H O data
The limb-viewing Fourier transform spectrometer MIPAS on ENVISAT (MIPAS-E) has been designed to operate in the mid-infrared spectral region covering five spectral bands between 685 and 2410 cm −1 with an unapodized full spectral resolution of 0.025 cm −1 (Fischer et al., 2008) . The vertical instantaneous field of view (IFOV) is about 3 km. The instrument was launched into its sun-synchronous orbit by ESA on 1 March 2002. It passes the Equator in a southwards direction 14.3 times each day at 10:00 local time. After the commissioning phase MIPAS was run predominantly in its nominal measurement mode from July 2002 until the end of March 2004. During each orbit approximately 72 limb scans covering tangent altitudes between 8 and 68 km were recorded (in steps of 3 km below 45 km) in the full spectral resolution mode. The validation of H 2 O based on this data and time period is the subject of this paper.
After an increasing frequency of problems with the interferometer drive system in late 2003 and beginning of 2004 and upon subsequent detailed investigations it was decided to suspend the nominal operations from March 2004 onwards for detailed investigations. From January 2005 to April 2012 (when the communication with the satellite platform was lost) the instrument was back to operation but at reduced spectral resolution (41 % of nominal) for the benefit of an equivalent improvement in spatial sampling. The duty cycle of this so-called optimized resolution mode has been steadily increasing from 30 % in January 2005 to 100 % from December 2007 on. The different spectral and spatial sampling of MIPAS since 2005 has posed changes in the calibration scheme and the processing codes. Although the validation of this new reduced spectral resolution mode data is not finished yet and is therefore not included in this paper, there is so far no indication of any significant deterioration in the quality of the H 2 O data.
Level 1b and level 2 processing of data version 4.61 (high spectral resolution mode) including all steps from raw data to calibrated spectra and profiles of atmospheric parameters has been performed by ESA using the operational processors described by Kleinert et al. (2007) for level 1b and Raspollini et al. (2006) for level 2. Calibrated spectra are analysed using a global fit approach by varying the input parameters of the forward model according to a non-linear Gauss-Newton procedure. Since the retrieval is performed on the same vertical grid as the measurements and the inversion process has been found to be sufficiently well conditioned, regularization and a priori information appeared not necessary for a stable retrieval. In a first step, temperature and pressure at the measured tangent altitudes are retrieved simultaneously. In the next steps, volume mixing ratio (VMR) profiles of the primary target species H 2 O, O 3 , HNO 3 , CH 4 , N 2 O, and NO 2 are retrieved individually in the reported sequence.
The H 2 O operational version 4.61 data analysis has been carried out in the following four microwindows: 807. 850-808.450, 946.650-947.700, 1645.525-1646.200, and 1650.025-1653 .025 cm −1 . A random retrieval error due to instrument noise is extracted from the diagonal elements of the error variance covariance matrix calculated during the retrieval process. Further error sources are estimated for day and night conditions and different seasons. The following parameter errors and forward model errors have been taken into account for the H 2 O profile retrieval: pressure/temperature random retrieval errors; spectroscopic data errors due to uncertainties in the intensity, width and position of emission lines; radiometric gain, instrumental line shape, and spectral calibration inaccuracies; uncertainties in assumed profiles of the contaminant species O 3 , ClONO 2 , and NH 3 ; uncertainty in high-altitude H 2 O column above the uppermost retrieval level; horizontal gradient effects due to assuming a horizontally homogeneous atmosphere for each profile; and errors due to the assumption of local thermodynamic equilibrium (LTE) in the upper atmosphere (above 45 km). Pressure/temperature and spectroscopic data errors are the dominant error sources in the stratosphere and upper troposphere. The random error ranges typically between 5 and 25 % in this altitude region while the total error is within 10 to 30 %. The total error is calculated as the root mean square of random and systematic components. A detailed discussion of all error components together with their magnitudes is given in Raspollini et al. (2006) .
Intercomparison results
In the following sections, H 2 O profiles observed by airborne and satellite sensors as well as H 2 O observations from ground and H 2 O radiosonde data are compared to MIPAS version 4.61 H 2 O data with a coincidence criterion of 300 km and 3 h (if not otherwise specified). Pressure is used as the primary vertical coordinate and the MIPAS averaging kernel is applied to the correlative data in case of significant differences in altitude resolution according to the method described in Rodgers (2000) . All differences between measured quantities of MIPAS and the validation instrument are expressed in either absolute units or as relative differences. The mean difference x mean for N profile pairs of compared observations is given as
where x M and x I are VMR values of MIPAS and the validating instrument at one altitude level. The mean relative difference x mean,rel of a number of profile pairs is calculated by dividing the mean absolute difference by the mean profile value of the validation instrument (reference instrument):
Differences are displayed together with the combined errors σ comb of both instruments which are defined as
where σ M and σ I are the precision, systematic or total errors of MIPAS and the validation instrument, respectively. Precision errors characterize the reproducibility of a measurement and correspond, in general, to random noise errors. For statistical comparisons, systematic errors of the temperature profile used for the H 2 O retrievals behave randomly and are therefore included in the precision (random) part of the error budget. Other error sources are treated as systematic. This approach was applied to all validation studies of MIPAS operational trace gas products as a matter of consistency (Cortesi et al., 2007; Payan et al., 2009; . It should be mentioned that not all error sources (as specified in Sect. 2) could be characterized for all validation instruments in the same detail. However, dominant error sources (e.g. spectroscopic uncertainties) have been included. The uncertainty of the calculated mean difference (standard error of the mean, SEM) is given by σ/N 0.5 where σ is the standard deviation (SD). The comparison between the standard deviation of the mean difference and the combined random error helps to validate the precision of MIPAS since both terms should be of comparable magnitude. A bias between MIPAS and another instrument is considered significant if the standard error of the bias (SEM) is smaller than the bias itself. The comparison between the VMR difference of MIPAS versus the correlative instruments and the combined systematic error in the case of statistical comparisons or total error in the case of single comparisons is appropriate to identify unexplained biases in the MIPAS H 2 O observations when they exceed these combined error limits.
Intercomparison of balloon-borne observations
As part of the validation program of the chemistry instruments aboard ENVISAT a number of balloon flights carrying in situ and remote sensing instruments were performed within dedicated campaigns at various geophysical conditions. An overview of all balloon flights used for H 2 O validation is given in Table 1 . Three validation flights were carried out within 2002 to 2004 with the cryogenic Fourier transform infrared spectrometer MIPAS-B, the balloon-borne version of MIPAS, covering midlatitude summer, polar winter/spring, and polar summer conditions. The flights took place from Aire sur l'Adour (France, 44 • N) on 24 September 2002, Kiruna (Sweden, 68 • N) on 20/21 March 2003, and again from Kiruna on 3 July 2003. MIPAS-B can be regarded as precursor of MIPAS on ENVISAT. Therefore, a number of specifications are quite similar, such as spectral resolution and spectral coverage. For some critical parameters, however, the MIPAS-B performance is superior, e.g. in the case of the NESR (noise equivalent spectral radiance), and in the case of the pointing accuracy and precision which is, in terms of tangent altitude, in the order of 90 m (3σ ). Further improvement of the NESR can be achieved by averaging spectra taken at the same pointing angle which is justified in the balloon case. MIPAS-B measures all atmospheric parameters covered by MIPAS-E. Essential for the balloon instrument is the sophisticated line of sight stabilization system, which is based on an inertial navigation system and supplemented with an additional star reference system. The MIPAS-B data processing including instrument characterization is described in Friedl-Vallon et al. (2004) and references Stiller et al., 2002; Höpfner et al., 2002) . A Tikhonov-Phillips regularization approach constraining with respect to the shape of an a priori profile was adopted. The resulting vertical resolution is typically between 2 and 4 km for the H 2 O retrieval and is therefore comparable to or better than the vertical resolution of MIPAS-E. H 2 O was analysed in MIPAS-B proven microwindows in the ν 2 band centred at 1595 cm −1 . Transitions between 1210 and 1245 cm −1 and around 808 and 825 cm −1 have also been used for the data analysis. Spectroscopic parameters chosen for the MIPAS-B retrieval are consistent with the database taken for the MIPAS-E data analysis (Flaud et al., 2003) and originate mainly from the HITRAN 2004 database (Rothman et al., 2005) . A further overview on the MIPAS-B data analysis is given in Wetzel et al. (2006) and references therein. A perfect coincidence between MIPAS-B and MIPAS-E could be achieved during the flight on 24 September 2002 above southern France. The mean distance of both observations in the compared altitude region was within about 200 km and the mean time difference was not more than 14 min. The MIPAS-E profile (see Fig. 1 ) is in good agreement with MIPAS-B between about 20 and 100 hPa. Above these altitudes, MIPAS-E exhibits higher H 2 O values. This positive bias turns out to be significant with respect to the combined total errors above about 7 hPa indicating possible yet unidentified systematic errors there. A negative bias is visible around and below the hygropause. The altitude of the hygropause is captured very well by MIPAS-E. Some retrieval instabilities which occur frequently in the ESA operational data retrieval are also visible.
A summary of all MIPAS balloon comparisons to MIPAS-E H 2 O is depicted in Fig. 2 . For most altitudes, any deviation is within the combined error limits. A positive bias is visible above about 20 hPa. Large deviations occur around the hygropause and below where the H 2 O mixing ratios strongly increase. However, the mean difference lies clearly within the combined total error, except at the lower- most altitude region below about 200 hPa. The mean difference above 200 hPa pressure altitude (averaged over all altitudes) amounts to 0.13 ppmv (parts per million by volume) or 3.0 %. As a further test we compare also the hydrogen budget. The oxidation chain of the molecule CH 4 produces about two molecules of H 2 O in the stratosphere. The sum H = [H 2 O] + 2[CH 4 ] is therefore a good measure for the hydrogen budget because it is a quasi-conserved quantity in this altitude region. Figure 3 displays the hydrogen budget as obtained by both MIPAS instruments in comparison to earlier in situ observations (Engel et al., 1996; Herman et al., 2002) . In general, MIPAS-E individual mixing ratio profiles exhibit larger variations (at least partly caused by retrieval oscillations) compared to the profiles retrieved from MIPAS-B spectra. Mean inferred mixing ratio profiles of both MIPAS instruments are within the range of the in situ measurements at around 7 ppmv. Between 120 and 7 hPa, deviations between mean MIPAS-E and MIPAS-B profiles are small. Mean deviations above and below this altitude region are mostly within the combined total errors. The shape of the mean H difference profile is similar to the mean difference H 2 O profile shown in Fig. 2 , since the hydrogen budget is dominated by the molecule H 2 O and mean CH 4 deviations between both sensors are less than 0.4 ppmv in all compared altitudes (Payan et al., 2009 ). The frost point hygrometer ELHYSA (Etude de L'Hygrométrie Stratospherique) was developed at the LMD (Laboratoire de Météorologie Dynamique) and has been operated routinely from balloon and airborne platforms since 1987; it is now operated by LPC2E (Laboratoire de Physique et Chimie de l'Environnement et de l'Espace). The stratospheric balloon version acquires real-time in situ H 2 O profiles from the upper troposphere and the lower stratosphere (see, e.g. Ovarlez and Ovarlez, 1994) with a vertical resolution of few tens of metres and with a high absolute accuracy of several percent.
ENVISAT validation flights with ELHYSA were performed on 16 January 2003 and 11 March 2004 from Kiruna. Results are displayed in Fig. 4 . The in situ ELHYSA profile was smoothed with the averaging kernel of MIPAS. The overall agreement between MIPAS and ELHYSA is satisfactory for both flights. However, some deviations occur in the lowermost stratosphere near 100 hPa and in the upper troposphere near 300 hPa (January flight). Anyhow, differences are mostly within the combined errors.
The Fast In situ Stratospheric Hygrometer (FISH) has been developed at the Forschungszentrum Jülich and is based on the Lyman-α photofragment fluorescence technique. FISH has been used in several campaigns both from balloon and aircraft. With a measurement frequency of 1 Hz, the noise equivalent mixing ratio at 3 ppmv is 0.13-0.18 ppmv, and the accuracy is 0.15-0.2 ppmv. Further details of the instrument and the calibration procedure are described in Zöger et al. (1999) .
Data The MIPAS profile exhibits some retrieval instabilities yielding to differences which are barely within the combined total error limits. However, the mean difference between MIPAS and the smoothed FISH profile is only −0.16 ppmv (−2.7 %). For the June 2003 flight, the comparison was restricted to only three altitude levels due to a lack of FISH data between about 20 and 60 hPa. To increase the small number of matches between MIPAS-E and FISH, 4-days forward and backward trajectories have been calculated using a coincidence criterion of 150 km and 0.5 h. The trajectory model (McKenna et al., 2002) uses operational analyses of the European Centre for Medium-Range Weather Forecasts (ECMWF) on a 1 • × 1 • latitude/longitude grid. Figure 6 displays mean differences between MIPAS-E and FISH for this trajectory comparison. Only collocations below about 50 hPa pressure altitude could be found for comparison. In this altitude range, mean differences are less than 1 ppmv (20 %) and within the combined total errors. It is noticeable that for the upper two altitudes, where statistics is enhanced, the agreement with MIPAS-E is close to perfect. However, standard deviations are generally larger than the combined precision errors.
A summary of the direct comparison of all balloon flights is given in Fig. 7 . A mean difference profile was calculated taking into account the number of coincident measurement sequences. Below about 13 km at mid and high latitudes, the mean difference of all intercomparisons is quite large. This can presumably be explained by uncertainties regarding the exact altitude of the tropopause and hygropause in connection with the strong H 2 O gradient in the troposphere, as well as due to sometimes strong horizontal inhomogeneities and cloud effects. Above this altitude region, mean deviations are mostly well inside the combined errors. It should be mentioned that the pronounced deviation between FISH and MIPAS-E at 24 km is linked to only one single collocation. The overall standard deviation is largely comparable to the combined precision errors. Above about 27 km, MIPAS-E H 2 O values reveal a slight positive bias increasing with altitude. Anyhow, the mean deviation over all altitudes above 10 km is found to be only 0.07 ppmv (1.7 %). Hence the general agreement between balloon-borne observations and MIPAS-E is found to be quite good. Engel et al., 1996) H 2 O+2*CH 4 VMR (ppmv) Engel et al. (1996) and aircraft measurements (solid dark grey bar) carried out by Herman et al. (2002) are also shown. 
Intercomparison of aircraft observations
The validation programme of the chemistry instruments aboard ENVISAT comprised also a number of aircraft flights where H 2 O was measured in situ and with remote sensing instruments within dedicated campaigns. An overview of aircraft flights used for H 2 O validation is given in Table 2 . The hygrometer (FISH) has already been described in Sect -40 -20 0 20 40 MIPAS-E, 16 Jan. 2003 , 20:51 UT ELHYSA, 16 Jan. 2003 , 16:56-19:10 UT ELHYSA, 16 Jan. 2003 and 9 show mean differences between MIPAS and FISH for all Geophysica flights within a 300 km and 3 h coincidence limit in direct coincidence (Fig. 8) and with 4-days forward and backward trajectory calculations (McKenna et al., 2002) looking for matches between MIPAS and FISH within a coincidence criterion of 150 km and 0.5 h (Fig. 9 ). The direct coincidence comparison exhibits a significant negative deviation of MIPAS with respect to (smoothed) FISH in the upper troposphere and lowermost stratosphere of up to 75 % at 180 hPa. However, when taking into account the increasing number of coincidences in the trajectory match, the deviations decrease to less than 10 %, which is clearly within the combined systematic error limits. This example illustrates the problem of validation of H 2 O in regions with very high spatial variability. The DLR airborne water vapour Differential Absorption Lidar (H 2 O-DIAL) was flown onboard the Falcon aircraft several times from Forli in October 2002. A system descrip- MIPAS, 6 Mar. 2003 , 8:39 UT FISH, 6 Mar. 2003 , 9:32-10:18 UT FISH, 6 Mar. 2003 tion together with an assessment of accuracy is given by Poberaj et al. (2002) and Kiemle et al. (2008) . Individual results of the comparison to MIPAS observations around Italy are shown in Fig. 10 . Although in general not more than two MIPAS data points of the vertical profile overlap with the DIAL profile observations, the DIAL has a much higher resolution than MIPAS in the tropopause region and is thus well adapted to validate MIPAS data in this region where water vapour is difficult to measure due to strong gradients. In addition, clouds that may affect the MIPAS retrieval can clearly be detected with the DIAL. Since spatial and temporal collocation was good for all cases, and no clouds were detected above the flight path of the aircraft, MIPAS data are most Atmos. Chem. Phys., 13, 5791-5811, 2013 www likely not influenced by high cirrus. Within this small altitude region in the UT/LS, mean H 2 O VMR differences between MIPAS and smoothed DIAL data are within the combined error bars at the upper edge of the comparable altitude range whereas around the tropopause MIPAS clearly shows a dry bias (Fig. 11) .
The the whole bandwidth and roughly 25 kHz near the line centre. A single spectrum is measured every 10 to 15 s during the flight. About 20 of them are integrated for improving the signal-to-noise error. From these integrated spectra, altitude profiles of H 2 O VMR between about 15 to 60 km are retrieved along the flight track. A detailed description of the measurement method and instrument is given in Feist et al. (2007) and references therein.
Retrieval method and error analysis are discussed in Müller et al. (2008) . ENVISAT validation flights were carried out in September 2002 covering a wide latitude range from the tropics to the Arctic, providing a large number of collocations (Fig. 12 ). The statistical analysis shows a mean deviation between the data sets in the order of 5 % between 20 and 25 km altitude, increasing to more than 15 % higher up. The mean deviation for all direct collocations found between MIPAS and AMSOS measured H 2 O is positive at all altitudes with values reaching 10 to 20 % above 30 km. This result is in broad agreement with the findings from the balloon comparisons when taking into account that AMSOS data have been assigned with a dry bias of 0-20 % in comparisons to other data sets (cf. Müller et al., 2008) .
Intercomparison of satellite observations
Intercomparisons of satellite sensors are useful for cross validation since the large statistics allows identifying potential systematic differences. These are discussed in the following sub-sections. Unless otherwise noted, a standard collocation criterion for maximum space and time separation of 300 km and 3 h between the observations of the two involved sensors has been applied. For each of the selected collocation pairs, both MIPAS and the reference instrument's H 2 O profiles were interpolated to a mean pressure grid over all collocated observations. Since the vertical resolution of H 2 O profiles measured by the validation instruments is comparable to MIPAS no smoothing by averaging kernels has been applied for the intercomparison of the observed profiles.
HALOE comparison
The to independent measurements has shown an overall accuracy of 10 % in the stratosphere and mesosphere (30 % at the upper and lower measurement boundaries). The precision in the lower stratosphere was determined to be within a few percent. According to an intercomparison study of various instruments performed by Kley et al. (2000) , HALOE V19 H 2 O data seem to reveal a negative bias of about 5 % in the stratosphere.
Observed differences between MIPAS and HALOE as a function of latitude are given in Fig. 13 and in Table 3 . The agreement between both sensors in terms of the mean difference is found to be within a 10 % limit for most coincident altitudes except of the Southern Hemisphere midlatitudes where the deviations are larger in the upper stratosphere. Overall, a general slight positive bias (increasing slightly with altitude) of MIPAS compared to HALOE which extends up to 12 % can be recognized taking into account all collocations (see Fig. 14) . Although the observed bias is well within the combined systematic error limits, it is significant in terms of the SEM in the upper stratosphere and lower mesosphere. For all collocations the averaged bias amounts to 7.5 %.
SAGE II comparison
The SAGE II experiment on the Earth Radiation Budget Satellite (ERBS) was launched into its non-sun synchronous orbit in October 1984 (Mauldin et al., 1985) and was powered off in August 2005. SAGE II was a seven-channel solar occultation instrument which worked in the visible and nearinfrared spectral range. It collected aerosol concentrations and data of trace gases like O 3 , H 2 O, and NO 2 during each sunrise and sunset with a latitudinal coverage between about 80 • S and 80 • N. H 2 O is retrieved using the 935 nm channel (Chu et al., 1993) . In this study, H 2 O data version 6.2 is used for the intercomparison to MIPAS. Precision and accuracy of this data version has been assessed by Taha et al. (2004) . In the altitude range between 15 and 40 km, SAGE II H 2 O profiles were reported to show good agreement with correlative measurements within 10 % with a positive bias and decreasing precision above 40 km.
Differences between MIPAS and SAGE II observed H 2 O profiles are displayed in Fig. 15 and in Table 4 . Mean deviations between MIPAS and SAGE II are mostly within 10 %, showing a similar behaviour to the HALOE comparison with a positive bias in the MIPAS data. This bias reaches up to 10 % above about 40 hPa when taking into account all collocations and is still clearly within the combined systematic error limit (see Fig. 16 ). The overall mean deviation between MIPAS and SAGE II is only 5.0 %. Please note that the SAGE II comparisons are confined to a smaller altitude range than the HALOE comparisons.
ACE-FTS comparison
The Atmospheric Chemistry Experiment on the SCISAT-1 satellite was launched into its orbit in August 2003 (Bernath et al., 2005) . The primary instrument is a high-resolution Fourier transform spectrometer (ACE-FTS) which operates in solar occultation between 750 and 4400 cm −1 . Profiles of a large number of trace species are retrieved from measured spectra with a vertical resolution of 3 to 4 km between about 85 • N to 85 • S with a majority of observations in the polar Carleer et al. (2008) . The authors show that ACE-FTS measurements provide H 2 O profiles with small retrieval uncertainties in the stratosphere of better than 5 % from 15 to 70 km, gradually increasing above this altitude region. However, a comparison to aircraft H 2 O observations showed relative differences of about 18 % in the lowermost stratosphere and 30 % in the upper troposphere suggesting a systematic dry bias of the ACE-FTS data, at least for the upper troposphere in winter and spring (Hegglin et al., 2008) . For the MIPAS versus ACE-FTS comparisons the mean difference of all collocations over all latitudes is shown in Fig. 17 . For the mean deviation, the agreement between MIPAS and ACE-FTS is quite good over a large altitude region in the stratosphere between about 100 hPa and 0.5 hPa pressure altitude. However, above 0.5 hPa in the mesosphere and below 100 hPa in the region of the upper troposphere and lowermost stratosphere, a dry bias is visible in the MIPAS data. Deviations below 100 hPa are at least partly connected with vertical differences in the altitude position of the tropopause and hygropause in the profiles. Strong H 2 O VMR gradients in the compared profiles can then lead to large differences in the H 2 O values at a specific altitude level. Anyhow, the mean negative bias calculated over all altitudes is only 5.9 %. This, however, goes along with a large standard deviation which exceeds the mean combined precision error. For this intercomparison, radiosonde measurements carried out between July 2002 and March 2004 in coincidence with MIPAS overpasses are considered. In accordance with temperature radiosonde vs. MIPAS temperature intercomparisons (Ridolfi et al., 2007) , a collocation criterion of 300 km and 3 h was established. Observed profiles have been smoothed with the averaging kernel matrix of MIPAS (above 12 km) to make the altitude resolution of the ground-based measurements comparable to the vertical resolution of the satellite sensor. Below 12 km, a boxcar function smoothing has been applied.
Intercomparison of ground-based observations and radiosonde data
The mean difference of all collocations is displayed in Fig. 18 . Differences are mostly within the combined total errors and an overall negative bias of −13.8 % is visible. Strongly increasing H 2 O values below the hygropause lead to larger absolute differences below 12 km (230 hPa) which are somewhat larger than the combined total errors. Above about 30 hPa (24 km) radiosonde data are less reliable, leading to quite large combined errors.
In addition, the CNR-IMAA lidar system for water vapour profiling was used for validation of MIPAS. This lidar instrument is capable of determining, during nighttime, water vapour profiles from about 100 m above the station up to 12 km a.s.l. with high resolution in time and space and with a statistical error typically within 5 % up to 8 km altitude and within 10 % within 8 to 12 km altitude . For intercomparisons with lidar profiles, the same criterion as for the radiosondes was adopted, but it has to be kept in mind that water vapour lidar profiles are obtained with a temporal integration window (typically 10 minutes) centred around the MIPAS overpass. Therefore lidar and MIPAS observations can be considered as simultaneous.
Lidar profiles of H 2 O were observed from Potenza (40.6 • N, 15.7 • E) between July 2002 and February 2004. A total of 12 profiles could be used for the comparison which is confined to the narrow overlapping altitude region of both instruments between 5 and 12 km. Results of this comparison are displayed in Fig. 19 . A correlation coefficient of r = 0.89 was found. MIPAS underestimates the lidar H 2 O mixing ratios for lidar values below about 20 ppmv, which corresponds to the upper altitudes in the region of intercomparison. Some deviations are at least partly connected with vertical differences in the altitude position of the tropopause and hygropause in the profiles and horizontal inhomogeneities. No seasonal dependence between the data of both instruments was observed.
Retrieval processor comparison
MIPAS H 2 O retrieval calculations have also been performed with the dedicated scientific IMK/IAA data processor (von Clarmann et al., 2003) developed at the Institute for Meteorology and Climate Research (IMK) and the Instituto de Astrofísica de Andalucía (IAA). The principal retrieval strategy for H 2 O has been described by Milz et al. (2005) . Selected microwindows for the H 2 O retrieval are altitude dependent and are located mainly in the spectral window region between 795 and 960 cm −1 and in the H 2 O ν 2 -band between 1220 and 1655 cm −1 . Since profiles are retrieved on a fine vertical grid (1 km from 6 to 42 km altitude) independent of the actual tangent altitudes, a regularization has been applied to avoid retrieval instabilities. The zonally averaged H 2 O VMR difference between the distribution retrieved with the processors by ESA and IMK/IAA (data version 13) for a sample period of three months is shown in Fig. 20 . Over wide undisturbed regions in the stratosphere between about 100 hPa and 0.5 hPa, the difference between both processors is less than 0.5 ppmv (less than 10 %). Larger differences of more than 1 ppmv occur in the UT/LS region around the tropopause/hygropause (not shown in the plot), in the mesosphere, and in the Arctic upper stratosphere. Deviation patterns up to about 0.5 ppmv vary with the season studied. Differences between ESA and IMK/IAA products can arise from the regularization used by IMK/IAA while no regularization has been used by ESA. Furthermore, H 2 O deviations are at least partly connected with differences in the temperature profiles retrieved by the processors. For instance, a temperature difference of 1 K in the stratosphere would result in a H 2 O VMR difference of about 10 %, which corresponds to roughly 0.6 ppmv. Deviations of up to 5 K between the retrieved temperature profiles of both processors occurred, for example, in the mesosphere and upper stratosphere in September 2002 . The comparisons in Fig. 20 have been truncated at 100 hPa, mainly since the IMK/IAA and ESA processors use different thresholds of the cloud index yielding to different lowermost boundaries of the retrievals. As shown in various retrieval studies and statistical analyses, H 2 O retrievals may react sensitively to clouds in the FOV, not only at the cloud-affected tangent limb view but also on two (cloud-free) layers above that (e.g. Sembhi H., "Observing water vapour and ozone in the tropical UT/LS with the MIPAS instrument on ENVISAT", University of Leicester Thesis, 2007) . From that, it appears that using a more stringent cloud filtering can reduce some of the variability but does not explain all of the low H 2 O values near the tropopause.
Conclusions
The objective of this study has been to validate MIPAS operational H 2 O profiles obtained in the first MIPAS operational period July 2002 to March 2004 (so-called full resolution measurements) by comparison to independent measurements of different previously validated instruments. MIPAS H 2 O vertical profiles have been compared to ground-based, aircraft, balloon-borne, and satellite observations. A retrieval processor comparison has also been included to better assess potential inaccuracies during the operational retrieval procedure. A summary of the assessment of the individual comparisons is given in Table 5 and Fig. 21 .
In the lower and middle stratosphere between about 120 and 10 hPa or 15 and 30 km (above the hygropause), ob-served differences between MIPAS and the validation instruments are mostly well within the combined total error bars. There is no indication of a clear bias in the MIPAS H 2 O profiles in this altitude region.
In the middle and upper stratosphere (above about 15-10 hPa or 28-30 km), a tendency towards a positive bias that is increasing with altitude (up to about 10 %) in the MIPAS satellite and MIPAS-B comparisons can be recognized, which is significant with respect to the standard error of the mean though being mostly within the combined total errors. In addition, the comparison in the hydrogen budget looks very similar. This wet bias in MIPAS H 2 O is also obvious in the AMSOS aircraft comparisons and the satellite comparisons to HALOE, SAGE II, and ACE-FTS. In the mesosphere, the picture is unclear since the satellite comparisons to HALOE and ACE-FTS exhibit different biases.
A critical altitude range for evaluating the validation results is the region of the upper troposphere and lowermost stratosphere (around the tropopause/hygropause). This altitude region is certainly the most challenging for any satellite sensor due to (1) strong spatial gradients in temperature and H 2 O VMR, (2) large horizontal inhomogeneities, (3) FOV effects caused by improper assumptions of the atmospheric state parameters below the lowermost tangent altitude, and (4) straylight and other effects from (thin) cirrus clouds that are not identified in the cloud screening procedures. These effects may on one hand deteriorate the retrievals, on the other hand they undermine the value of conclusions drawn from single comparisons or those with limited statistics. In the comparisons the quality of agreement may be highly dependent on the exact determination of the tropopause and hygropause which marks the sign change in the temperature and H 2 O gradient. Any vertical altitude shift results in comparably large deviations and biases of the intercompared H 2 O profiles in the lowermost stratosphere and upper troposphere. It should be mentioned that single MIPAS H 2 O profiles tend to exhibit retrieval oscillations, particularly in the region of the tropopause/hygropause. This yields, of course, to some larger deviations for specific data points in the compared profiles and to increased standard deviations in statistical comparisons.
The validation results are generally in line with the ex ante estimated MIPAS error limits, particularly within a broad range of the stratosphere. The total MIPAS H 2 O mean retrieval error (accuracy) had been predicted to be within 10 to 30 % in the stratosphere und upper troposphere, with largest errors near the hygropause (Raspollini et al., 2006) . The estimation for the random part of the error (precision) typically ranged from 5 to 25 %. Some systematic mixing ratio profile deviations in the validation exercise might also be related to spectroscopy, since different spectral regions were used to derive H 2 O data from observations of different instruments.
Altogether, it can be concluded that MIPAS V4.61 H 2 O profiles collected between July 2002 and January 2004 (so called full resolution data) yield valuable information on global distribution of H 2 O in the stratosphere such that these data sets are very valuable for scientific studies. In the mesosphere, MIPAS errors generally increase and the total error exceeds the 100 % limit above 65 km (Raspollini et al., 2006) such that MIPAS operational data are therefore less reliable above the stratopause. Dedicated codes taking into account non-LTE effects might be advantageous there. 
